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Abstract 
 
Analysis of a clonal repertoire containing insertions and deletions 
Adam Still 
Uri Hershberg 
 
 
 
In my thesis I sought to characterize the patterns of somatic insertions and deletions in B 
cell receptor genes in the healthy immune repertoire of B cell clones. B-cells can produce 
a highly diverse array of B-cell receptors (BCRs) to respond to a nearly infinite number 
of foreign antigens. This diversity is thought to be generated in two main steps: V(D)J 
recombination and somatic point mutations. I wanted to see if insertions or deletions of 
multiple nucleotide segments were also involved in enhancing the diversity of the B-cell 
repertoire. To do so I compared the incidence, size and distribution of in-frame indels that 
could be selected for or against and out of frame indels that we do not expect to make 
functional receptors.  I found that in frame indels were focused in the variable regions of 
the V-segment (CDR1, CDR2, HV4) while those indels which produced out of frame 
BCRs were randomly distributed. The in-frame indel clones were largely between 1 
amino acid and 3 amino acids in length. Out of frame indels were mostly of single to 
four nucleotides in length. Finally, germline diversity of specific amino acid positions 
was strongly and significantly correlated to the number of in-frame indel events at that 
position but not to the number of out of frame indels. The categorical difference in the 
placement and size of in-frame indels compared to out of frame indels, their correlation 
to germline diversity and the incidence of some not whole-amino acid length indels that 
saved CDR3 out of frame clones and expanded, imply indels can influence and enhance 
the diversification process of functional B cell clones. 
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Chapter 1: Introduction 
 
Diversity of the B (Bursa) cell repertoire and the antibodies they produce is key to proper 
function of the immune system. In this thesis, I would like to determine if insertions and 
deletions of whole segments of the recombined B cell receptor (BCR) gene enhances 
functional B cell receptor diversity. Commonly, functional BCR diversity is thought to be 
generated in two stages of diversification and selection that do not include insertions and/or 
deletions (indels). First, B cells derive from hematopoietic stem cells in the bone marrow. 
To generate the large repertoire of BCRs, B cells must pass several checkpoints of 
selection. The first several checkpoints are generation of antigen independent diversity. 
Namely, the recombination of gene segments which eventually form the heterodimer of 
heavy and light chains. This is known as combinatorial diversity, and begins with heavy 
chain rearrangement. That is, one of the several D joins to one of the VH gene segments, 
and the genes between them are deleted. The upstream VH joins next
1. Cells harboring the 
favorable heavy chain arrangements continue to proliferate from this point on, but those 
with unsuccessful rearrangements either undergo further rearrangement attempts or die. At 
this point, cells transition to the immature B-cell stage, marked by the expression of a pre-
BCR (which consists of the recombined H chain and a surrogate light chain) on the cell 
surface. The pre-BCR is responsible for allelic exclusion to prevent creating a cell with 
more than one heavy chain. A B cell with two different H chains would have receptors that 
have different specificities as well as receptors that have two different heavy chains that 
would be expected to not be able to cross-link as effectively. Signaling through the pre-
BCR also initiates the reinduction of RAG and the rearrangement of light chain genes. The 
light chain rearrangement only consists of a VL and a JL rearrangement. The joining of VL 
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and JL, as well as VH to D and D to JH creates junctional diversity. Imprecise joining ends 
causes new amino acid formations or total deletions at these locations. In the heavy chain, 
there is also the addition of non-templated N nucleotides at VH-D and D-JH and P 
nucleotides in both heavy and light chains. At this point, the naïve B cells termed 
transitional cells migrate from the bone marrow to the immune periphery to populate the 
secondary lymphoid organs. 
The second stage of repertoire diversification and selection occurs during an 
immune response. In a specialized tissue called the germinal center B cells undergo a rapid 
cycle of proliferation, mutations of the B cell receptor gene and death of B-cells with non-
functional or lower-affinity receptors leading to affinity maturation2. 
After combinatorial and junctional diversity comes somatic hypermutation and 
affinity maturation. That is, the buildup of point mutations over many generations of a B 
cell which lead to new BCRs with different affinities to antigen3. The result of this buildup 
ends with the clonal selection process, wherein cells that fail to generate useful receptors 
die4,5. I would like to propose that along with the somatic hypermutation (SHM) process 
nucleotide insertions and/or deletions further enhance repertoire diversity. Studies have 
shown that insertions and deletions are associated with the SHM process, namely because 
they do not occur in naïve B cells6, and heavy chains of IgG B cells, which are generally 
more mutated than heavy chains of IgM B cells, have a higher incidence of insertions and 
deletions. In the same study, it was also observed that the insertions/deletions were not 
germline encoded and the authors hypothesized that codon-length insertions or deletions 
in the complementary determining regions (CDRs) would not drastically change the 
receptor structure7. Other studies have shown that insertions and deletions were beneficial 
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in the identification of disease, such as the MAb 2D1 for influenza8. This wild-type BCR 
has an insertion that improved the binding affinity and in vivo potency compared to the 
clone without the insertion. Another showed that the HIV-1 broadly neutralizing antibody 
VRC201 had a 2-nucleotide deletion in its light chain9. This is particularly interesting 
because the previous studies only analyzed codon length insertion and deletion events, 
where this wild-type BCR had a 2-nucleotide deletion. 
In my thesis, I have analyzed whole sub-clones with indels, sometimes in the 
context of non-indel parent’s clones, and compared the nature of functional indels to their 
non-functional brethren. From this comparison, I have found that functional indels can 
indeed be found in the context of non-indel parent clones and that their pattern of survival 
when functional suggests a preference for indels in the CDRs and other areas, such as the 
HV4, which are more adaptable to change as indicated by their higher incidence of 
sequence changing events such as mutations. Taken together, these observations suggest 
that indels occur during the mature development of B cells and can play an important role 
in the creation of functional BCR diversity. 
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Chapter 2: Methods 
 
 
2.1 Sequences and clones 
The sequences analyzed here were derived from Meng et. al. Briefly, samples for 
sequencing were obtained from six otherwise healthy deceased human organ donors – 
D145, D149, D168, D181, D182 and D20711. IGHV sequences were prepared for analysis 
with ImmuneDB software12. Sequences have their V and J anchored12, are pre-processed 
with pRESTO13, and in the case of indels, locally aligned with the Needleman-Wunsch 
algorithm14. These sequences are then collapsed into clones based on four criteria: 
matching V and J genes, same CDR3 length, and 85% CDR3 amino acid similarity which 
gives a high likelihood of sharing a common ancestor2. Those clones which exhibited 
functional (in frame) and non-functional (out of frame) indels that were contiguous were 
included in this analysis. Another subset of these clones, termed “subclones”, exist in a 
certain parent:subclone relationship. During clonal assignment, a parent:subclone 
relationship can be established because of the presence of insertions and deletions in 
sequences. This relationship is defined when a sequence which contains an insertion or 
deletion would have collapsed to a pre-existing clone if that insertion or deletion were not 
present, thus creating a subclone distinction based on the insertion or deletion. This 
provided a unique ability to compare relative success of a clone based on the presence of 
its indel. We also characterized a threshold for expanded clones. These were clones, 
designated C20 clones, that had at least 20 unique sequence instances in any given tissue11. 
2.2 Data filtering and region selection 
Sequencing was done using primers targeted in the V gene starting at IMGT amino acid 
position 25. Therefore, only those clones with indels in Vh between IMGT nucleotide 
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positions 82 and 309 were considered in this analysis. I did not consider the end of V 
beyond position 309 (the C at the start of CDR3), because the non-templated nature of the 
CDR3 would make it difficult to identify indels. The remaining Vh-segment is split into 
CDR1 (positions 81 to 114), FWR2 (positions 115 to 159), CDR2 (positions 160 to 204), 
and FWR3 (205 to 309)17. I focused also on a hypervariable (HV) region within FWR3 
which I designated HV4 (235 to 279)10.  In the figures throughout this thesis I left 
conserved areas in white and shaded the variable regions, the CDRs in gray, and the HV4 
in light blue. Additionally, for clarity of positioning in the sequence, only those clones that 
evidenced a single contiguous indel event were selected for analysis in the study presented 
here.  
 
2.2.1 Ranking runs of insertion or deletion positions 
To study if there were clusters of positions where insertions or deletions were dominant I 
ranked the stretches of insertions and deletions by the indel which was dominant in 
previous position(s). At each position I checked if it had indels and if there were more 
insertions or deletions at that position. Positions with mostly deletions had a negative (-) 
direction and those with mostly insertions a positive (+) direction. Looking over all 
positions if the current position, n, had mostly indels in the same direction of the previous 
position, n-1, then it would have a value one greater than n-1 in the direction of that indel 
type. If n-1 had no indels or mostly indels in the opposite direction n would have value of 
1 in its direction. Positions with no indels had a value of 0 regardless of the value of n-1. 
For example, if positions 23:25 were mostly deletions, 26 and 28 had mostly insertions, 
and 27 had no indels, then 24 and 23 would reset the count to -1, 25 to 24 would decrease 
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the count to -2, 26 to 25 would reset the count to +1, and 27 to 26 would reset the count to 
0 and 27 to 28 would increase the count to +1. 
 
2.3 Correlation of germline diversity to indel frequency 
Germline diversity was calculated using the IMGT amino acid reference sequences, not 
including partial sequences and reverse complements16. The diversity was calculated at 
order 1, the effective diversity without adding weight to rare or abundant species17, and at 
three different contiguous amino acid sequence window lengths: 1 position, 3 positions, 
and 6.  Spearman correlations were performed for the amino acid diversity at each positon 
(at a given window length) and the frequency of insertion or deletion clones that occurred 
within that window. 
 
2.4 Analysis of V-gene usage between in and out of frame indels and non-indel repertoire 
Because certain V-gene families tend to have longer sequences than others, I 
hypothesized that V-gene families with shorter germline sequences could be better suited 
to withstand insertions, while longer ones would be better suited to withstand deletions. To 
delineate trends in insertions and deletions among V-gene families, the number of indel 
sequences belonging to each V-gene family were separated by in-frame and out of frame, 
and compared between insertions and deletions. To determine if there was any other kind 
of V gene bias in the generation of indel we also compare the indel clone V segment usage 
to that of the non-indel repertoire.  
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Chapter 3: Results 
 
 
 
3.1 CDRs and HV4 exhibit higher numbers of indels than FWR and a higher ratio of 
functional to non-functional indel clones. 
 
All six individuals sequenced in Meng et.al. show functional and nonfunctional clones 
with indels (insertions or deletions). The fraction of indel sub clones from total clones is 
~0.01-0.017 in all individuals, with the fraction rising a little in the more highly sampled 
individuals D207 and D181. Comparing these two (Table 1), we had a relatively large 
number of clones which contained indels that started between positions 81 and 309 and 
that were only 1 indel in length.  Of these was also a subset of clones which existed in the 
parent:subclone relationship (see Methods and Results 3.6). We next checked the 
frequency of clones with 1 indel by nucleotide position through the V-segment. We 
termed the nucleotide position of an indel as its starting point.  In frame clones exhibit 
indels in CDR1, the CDR2, and the HV4 at elevated levels compared to FWR (Figure 1a, 
c). Out of frame indels clones, on the other hand, appear to occur at similar frequencies 
across both CDR and FWR positions. (Figure 1b, d). However, to increase our 
confidence that the indel clones we analyzed were not the results of sequencing error, we 
repeated all analysis on clones that were observed in at least 2 samples (Figure 2 and 3). 
The abundance of such indel clones at specific positions was significantly correlated 
across individuals (Spearmen correlation of D207 and D181 indels at different positions - 
a: ρ = 0.5813, b: ρ = 0.38, c: ρ = 0.5863, d: ρ = 0.6422, all have p << 0.01). We then 
calculated the ratio of in-frame to out of frame clones at each nucleotide position. 
Functional insertions and deletions were over expressed in CDRs and HV4 (ratio in 
frame/out of frame >1) and functional deletions were under expressed in the FWR (ratio 
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in frame/out of frame <1) (Figure 3). The level of over and under expression is at least 
somewhat position specific and was also correlated between individuals (D207 and D181 
Spearmen correlated for insertions ρ = 0.333, p<0.01 and for deletions ρ = 0.508, 
p<0.01). 
 
 
Figure 1. The number of clones in subject found with an indel starting at a given nucleotide along the V 
segment. (a) Insertions which lead to an in-frame sequence or (b) an out of frame sequence. (c) Deletions 
which lead to an in-frame sequence or (d) an out of frame sequence. Markers: D145 (orange, □), 
D149(yellow, +), D168 (blue, ○), D181 (purple, ◊), D182 (yellow, x), D207(green, *) 
 
 
 
Table 1. The pool of clones with a single indel between the start of the CDR1 and position 309. In-frame (IF) 
insertions and deletions are those clones who have a sequence divisible by 3, and out of frame (OOF) clones 
are those who have a sequence not divisible by 3.  
D181 total indels 3957 D207 Total Indels 9787 
IF Insertions 935 IF Insertions 2188 
OOF Insertions 580 OOF Insertions 1488 
IF Deletions 1084 IF Deletions 2644 
OOF Deletions 1358 OOF Deletions 3467 
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Figure 2. The number of clones in subjects D181 and D207, found  in at least two samples with an indel 
starting at a given nucleotide position along the V-segment. (a) Insertions which lead to an in-frame 
sequence or (b) an out of frame sequence. (c) Deletions which lead to an in-frame sequence or (d) an out 
of frame sequence. Markers: D181 (purple, ◊), D207(green, *) 
 
 
 
 
Figure 3. Log2 ratio of in-frame to out of frame a) insertions and b) deletions, when clones have more than 
2 samples, plotted by position in the V-segment. In-frame insertions dominate throughout most of the V-
segment, and out of frame deletions tend to dominate the frameworks of the V-segment. Markers: D145 
(orange), D149(yellow), D168 (blue), D181 (purple), D182 (yellow), D207(green) 
 
 
 
a) 
b) 
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3.2 There is a correlation between germline diversity and survival of functional indel 
events. This correlation is not observed in the levels of non-functional indels. 
 
The number of clones in D181 and D207 with indels at each position were correlated to 
the calculated germline diversity by single position amino acid diversity of order 1. 
Strong correlations with statistical significance were observed in the in-frame clones but 
not in the out of frame clones (Figures 4 and 5, Table 2). A similar trend was observed 
for the correlation of clones with indels to germline diversity of amino acid segments of a 
length of 3 or 6 positions (Table 3 & 4). Correlations were strongest between number of 
functional clones at a given position and the diversity of amino acid sequence segments 
of length 3 (Table 4).  
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Figure 4. Correlation between order 1 diversity of amino acid segments of window 3 at a given position 
and number of clones with indel events within that window: a) in frame insertions in D181 b) in frame 
deletions in D181 c) in frame insertions in D207 d) in frame deletions in D207. This plots germline 
diversity against number of indels found at that position. Blue: FW position, Orange: CDR positions, 
Black: Linear trendline for visualization 
 
 
 
 
 
Figure 5. Correlation between order 1 diversity of amino acid segments of window 3 at a given position 
and number of clones with indel events within that window for: a) out of frame insertions in D181 b) out 
of frame deletions in D181 c) out of frame insertions in D207 d) out of frame deletions in D207. Blue: 
FWR positions, Orange: CDR positions, Black: Linear trendline for visualization  
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Table 2. Germline diversity order 1 window 3 correlated to indel events by codon. In-frame indels are 
correlated where out of frame indels are not. Blue: p < 0.05; Green: subjects analyzed. 
 
 
 
 
Table 3. Germline diversity order 1 window 3 correlated to indel events by codon. In-frame indels are 
correlated where out of frame indels are not. Blue: p < 0.05; Green: subjects analyzed. 
 
 
 
 
Table 4 Germline diversity order 1 window 6 correlated with indel events by codon. Much like the overall 
correlations in window 3, these tend to alternate statistical significance between in and out of frame. 
However, these correlations are weaker. Blue: p < 0.05; Green: Subjects analyzed 
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3.3 Functional indels show a regional preference for insertions or deletions in different 
parts of CDR2. Out of frame clones more consistently show a preference for deletions.  
 
I took all the in frame and out of frame indel clones found in more than 2 samples and 
calculated the ratio of insertions to deletions found at each VH-segment position. In-frame 
insertions appear more frequently than in-frame deletions at the center of the CDR2 and 
at the beginning of FWR3. In-frame deletions are more prevalent in the HV4 region and 
at the beginning of the CDR2 (Figure 6). Out of frame deletions dominate at almost every 
position in the V-segment (Figure 7). In-frame insertions and deletions, interestingly, 
tend to occur in groups. Namely, several positions in a row contain largely insertions 
followed by several positions in a row which contain largely deletions. This trend is 
visualized in Figures 7 and 8 (see Methods for how ranking number was calculated). A 
Spearman correlation showed that this trend was consistent between subjects for both in-
frame (ρ = 0.441, p < 0.01) and out of frame (ρ = 0.497, p < 0.01).  
 
 
Figure 6. Log2 ratio of in-frame insertions to deletions at each position along the V-segment. Markers: 
D181 (purple, ◊), D207(green, *) 
 
14 
 
 
 
 
 
 
Figure 7. Log2 ratio of out of frame insertions to deletions at each position along the V-segment. Unlike 
the in-frame ratios, the out of frame ratio is dominated by deletions. Markers: D181 (purple, ◊), 
D207(green, *) 
 
 
 
 
 
Figure 8. Ranking figure to identify contiguous position, as well as the correlation between people to 
identify the trend’s consistency. CDR2 has several contiguous positions dominated by insertions, and the 
HV4 has several contiguous positions dominated by deletions. Blue: D181, Red: D207.   
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3.4 Functional indels predominantly have a length of 3 -12 nucleotides (1-4 nucleotide 
triplets) while non-functional indels are 1-4 nucleotides long. 
 
Indel clones found in more than 2 samples were separated into a distribution of 
nucleotide lengths. A majority (~80%) of in-frame indel events were of length 3-12 
nucleotides, and a majority of out of frame indel events were of length 1-4 nucleotides 
(~80%) (Figure 10). When measuring the median indel length across positions I again 
filtered the relevant positions and looked only at positions that had at least 4 indels. I 
found that most triplet length, in frame, indels were found in the CDRs and HV4: for in-
frame insertions, ~70% were found in the CDRs and HV4, and for in-frame deletions 
~80% were found in the CDRs and HV4 even though the positions comprising the CDRs 
and HV4 are only ~40% of the positions analyzed. For out of frame insertion clones, we 
observe a median length of 1-4 nucleotides for ~69% of the VH-segment positions, of 
 
Figure 9. Ranking figure to identify contiguous positions of either insertions or indels which cause clones 
to be out of frame. These figures are dominated by deletions as was evident from Figure 8. Blue: D181, 
Red: D207 
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which ~35% are in positions comprising the CDRs and HV4.  For out of frame deletion 
clones, we observe a median length of 1-4 nucleotides in ~77% of the VH-segment, of 
which ~34% are in the positions comprising the CDRs and HV4 of deletion clones 
(Figure 11). 
 
 
 
Figure 10. Distribution of indel nucleotide lengths. (a) Insertion lengths which result in an in-frame 
sequence or (b) an out of frame sequence (c) Deletions which result in an in-frame sequence or (d) an 
out of sequence. Markers: D181 (purple, ◊), D207(green, *) 
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Figure 11. Median nucleotide length of indels starting at V segment nucleotide positions with more than 
4 observed indel clones. (a) Median insertion lengths which result in an in-frame sequence or (b) out of 
frame sequence. (c) Median deletion lengths which result in an in-frame sequence or (d) an out of frame 
sequence. Markers: D181 (purple, ◊), D207(green, *) 
 
 
 
3.5 IGHV gene bias based on family 
 
I looked at the ratio of in-frame to out of frame insertions and in-frame to out of frame 
deletions and compared the ratios to the non-indel IGHV family usage in D181 and 
D207. Neither the in-frame to out of frame insertion ratio nor the in-frame to out of frame 
deletion ratio differ greatly from the non-indel ratio, and it was not evident that any 
pattern existed which would indicate biases between insertions and deletions (Figure 12). 
Because this relationship did not yield an obvious bias, a secondary hypothesis related to 
the V-gene length was explored.  
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Figure 12. Comparison of V-family usage of in vs. out of frame non-indel clones to a) in-frame vs. out of 
frame insertions and b) in-frame vs. out of frame deletions. Markers: D145 (orange, □), D149(yellow, +), 
D168 (blue, ○), D181 (purple, ◊), D182 (yellow, x), D207(green, *), Non-indels (black, Δ). 
 
 
 
3.5.1 V-gene bias based on length 
 
A secondary hypothesis was that insertions would be favored in shorter germline 
sequences and deletions would be favored in longer sequences which would, essentially, 
make the new sequence look more like a different V-gene family. This was explored by 
analyzing the insertion and deletion counts found by V-family, split based on the V-gene 
germline lengths within the family, and V-gene lengths independent of V-gene family, as 
in Tables 5 and 6. However, the number of deletions found in V3, for the V-gene lengths 
of 282 and 291, are almost the same. The V4 family genes of length 282 have more 
deletions than either the V4-family genes of length 285 or 288. The rest of the ratios are 
summarized in Table 6, where genes of length 282 have deletions more than insertions at 
a ratio of 1.5:1. Consequently, there was no observed bias based on V-family or on V-
gene length.  
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Table 5. Insertion and deletion count by gene family, further separated by length of genes within families.  
 
Family InsCount DelCount Ratio(Ins:dels) Median InsLen Median DelLen Length 
V1 152 172 0.88 6 3 285 
V2 12 18 0.67 3 3 288 
V3-282 38 68 0.56 6 3 282 
V3-285 398 384 1.04 3 3 285 
V3-291 36 58 0.62 6 3 291 
V4-282 45 60 0.75 3 3 282 
V4-285 71 64 1.11 3 3 285 
V4-288 153 74 2.07 6 3 288 
V5 19 9 2.11 6 6 285 
V6 9 11 0.82 4 3 294 
V7 5 6 0.83 2 2 285 
 
 
 
Table 6. Number of insertions and deletions separated by length of the v-gene, independent of V-family, 
when the subclones are functional. 
 
Length InsCount InsLen DelCount DelLen Ratio(Ins:Dels) 
282 83 3 128 3 0.65 
285 645 3 635 2 1.02 
288 165 3 92 2 1.79 
291 36 2 58 1 0.62 
294 9 2 11 1 0.82 
 
 
 
3.6. Identification of a parent:subclone relationship 
 
In D181 and D207 I also found indel subclones with more than 2 instances (i.e. indel 
clones found in at least 2 samples where I also find an identical clone with the same 
CDR3, same V and J, with no indel). D181 has 97 subclones with 75 parents and D207 
has 833 with 649. I divided the subclones by their functionality and the functionality of 
their parents (Table 7).  All combinations exist, and it is difficult to assess if indeed all 
these clones are truly functional. The ratio of functional to non-functional indels does 
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seem to change between functional and non-functional parents.  No functional parents 
show a sub clone ratio that is much closer to the 2:1 non-functional to functional ratio we 
would expect from random levels of nucleotide insertions and deletion lengths. The 
children of functional parents have a ratio close to 1:1, larger in D207, potentially 
indicating positive selection of functional indels. Interestingly, there were two expanded 
functional C20 subclones (http://clash.biomed.drexel.edu/databases/lp13/clone/50363 and 
http://clash.biomed.drexel.edu/databases/lp13/clone/76315) in D181 which were the 
children of non-functional, non-C20 parent clones. Additionally, there was one C20 
parent clone which had a functional C20 subclone (Table 8).  This suggests that it is rare 
that both indel and parent clone thrive but that indels may be used to “save” a clone in 
rare cases.  
 
 
 
Table 7. Overview of the parent:subclone relationship as seen in subjects D181 and D207. The non-
functionality of the parent does not preclude the subclones functionality.  
Subject D181 D207 
Grouping IF Subclone OOF Subclone IF Subclone OOF Subclone 
IF Parents 178 166 395 199 
OOF Parents 37 59 73 142 
 
 
 
Table 8. Analysis of the highly expanded clones found in D181 and D207. Oddly, D181 has a higher ratio 
of functional clones than D207, but D207 has a functional C20 subclone.  
 
Group D181 D207 
No. C20 Parents 20 36 
No. IF Subclones 16 19 
No. OOF Subclones 13 39 
No. C20 subclones 0 1 
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Chapter 4: Discussion 
 
 
 
Diversity of the BCR repertoire is important for immune function1. Two mechanisms, 
V(D)J recombination and somatic hypermutation, are classically thought to generate the 
diverse landscape of BCRs. This thesis attempted to show that insertions and deletions, 
probably occurring because of an immune response during somatic hypermutation, 
contribute to this diversity. This thesis presented evidence to suggest that indels can 
contribute to the diversity of the B-cell repertoire when looking at the location, lengths, 
and pre-existing diversity of the different regions of the V-segment.  
4.1. Codon length indels, and indels which put the sequence in-frame are focused in the 
CDRs and HV4 while out of frame are distributed throughout the V gene. 
 
As hypothesized previously, many of the indels did not cause change in the BCR drastic 
enough to kill the cell. This was evidenced when most indels were observed in the CDRs, 
and the distribution of longer indels which would likely cause immediate cell death was 
low across the entire VH-segment (Figures 2, 8-9). We also showed that in-frame insertions 
and deletions were favored in the more variable regions (Figure 3). Specifically, in-frame 
insertions and deletions were concentrated in the CDR2, suggesting a hotspot of indel 
events. It also appears that there are regional effect favoring insertions or deletions.  I found 
contiguous positions which, in functional clones, prefer insertions or deletions (Figures 
6,7). This hints that another level of selection is allowing the cell to survive after indel 
events to occur at favorable positions along the V-segment.  
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4.2. There is no obvious V-gene family bias or length bias for indel events 
 
When looking at Figure 12, it was apparent that the ratio of in-frame to out of frame 
insertions and deletions was not different enough from the non indel clones, nor was the 
ratio different enough between insertions and deletions, to provide evidence for a v-gene 
bias. Consequently, the analysis relied on analyzing the difference in length that is seen 
between V-genes. Because V-gene families have different lengths, even different lengths 
within v-gene families, longer V-genes might favor deletions and shorter V-genes may 
favor insertions. This would, in a sense, make shorter V-genes resemble longer V-genes 
and vice versa. However, the ratio of insertions to deletions for longer and shorter V-
families, and even when looking at just germline sequence lengths, indicated if anything 
the opposite. It was shown that the ratio of insertions to deletions was higher in longer V-
genes (Tables 4,5).  
 
4.3 Germline diversity of window 3 is the best indicator of positions in the V-segment 
where indels are found 
 
It was previously shown that germline diversity and the ability to survive substitutions is 
related. My additional finding here regarding functional clones indicates that they too are 
being selected for and that their presence is not random or the result of sequencing artifact. 
This was the case for all window lengths, though especially true for length 3 (Tables 1-3). 
Most of the functional insertions /deletions add or remove 1 amino acid (Fig. 9) However, 
it appears that this has an effect also on neighboring amino acids which enlarges the 
window of effect. 
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4.4 In the parent:subclone relationship, it is possible that some subclones “save” the 
parent 
 
 
The parent:subclone relationship allowed us to analyze, to a certain degree, where in the 
selection process these indels occurred. In subclones with far fewer instances than their 
parents, the indel probably happened later. This also provided the opportunity to analyze 
the success of an indel by comparing the success of the parent to the success of the 
subclone. When parents were in-frame, their subclones are in-frame at a ratio of greater 
than 1:1, suggesting that functional indel undergo positive selection. However, this selected 
success proved not to be necessarily a reflection of the success of the parent. This can be 
seen when analyzing the series of C20 parents which had subclones with indels, where the 
success of the parent could not predict the success of the subclone. It is also important to 
note in this context the two C20 subclones in D181 which were functional with a non-C20, 
non-functional parent clone. Those C20 subclones show further evidence, that while rare, 
an insertion or deletion can actually “save” the parent clone, impacting directly its capacity 
to proliferate.  
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Chapter 5: Conclusion 
 
 
 
This thesis has focused on the capacity for BCRs to accept and utilize indels as a normal 
part of the functioning B cell repertoire. As shown previously, insertions and deletions are 
associated with the somatic hypermutation process6,7. Additionally, natural BCRs have 
shown the presence of indels which were beneficial for identification of foreign antigen8,9. 
Studying a large population of clones in six individuals I found that the occurrence of in-
frame indels seems to focus on regions which are more plastic, such as the CDRs10 and the 
HV417, and to be negatively selected in the FWR. The median length distributions of in-
frame indels show that they tend to be shorter and are frequently codon length or up to 3 
codons length. Indels which result in out of frame clones seem to be distributed randomly 
in the whole sequence and are shorter (1-4 nucleotides). Thus in-frame indels seem to be 
selected for very specific forms that differ from their random distribution as evidenced by 
the out of frame indels that presumably are not under any type of selection. Further, 
emphasizing these findings, in-frame clones tend to be focused in areas which have high 
levels of germline diversity, while out of frame clones are not correlated to germline 
diversity. These evidences of selection could be explained by process, wherein indels are 
amplified to combat particularly difficult pathogens, such as Influenza8 and HIV9. If a 
meaningful process of selection was not acting on the indel clones which allowed them to 
expand, the frequency of in-frame and out of frame indels for both in and out of frame 
parents would be distributed in a 1:2 ratio (in-frame to out of frame) and all indels would 
share the same location and length biases. However, as shown above, in-frame parents have 
1:1 or greater ratio of in-frame to out of frame subclones. Further, we observe a small 
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subset of C20 subclones which have non-C20, non-functional parent clones where the indel 
appears to have “saved” the parent and improved its capacity to respond and proliferate to 
such an extent that we find such C20 clones. Therefore, I would conclude that despite the 
generally drastic changes caused by indels in the BCR, the figures and data presented here 
provide evidence for an additional layer of diversification and selection which use indels 
to create greater BCR repertoire diversity in healthy non-pathological immune system 
behavior.  
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Appendix A  
 
 
 
Table A1. IDs of clones with abnormally long insertions and deletions found in D181. Clones are listed by 
the number of samples in which they are found and then by their CDR3 length in nucleotides. The parent 
clones, and information pertinent to the clones, are available in the LP13 database.  
 
 
 
Clone 
ID 
(D181) 
Insertion 
Length Samples  
Clone ID (D181) 
Deletion 
Length 
Samples 
223599 25 9  187593 22 6 
207634 24 6  231632 27 5 
290098 27 4  240416 27 3 
131173 24 4  231629 27 2 
277946 29 3  231630 27 2 
71247 43 2  187692 24 2 
223598 25 2  215071 23 2 
77583 24 2  82114 22 2 
186857 24 2  115777 22 2 
    230013 22 2 
    306670 22 2 
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Table A2. IDs of clones with abnormally long insertions and deletions found in D207. Clones are 
listed by the number of samples in which they are found and then by their CDR3 length in 
nucleotides. The parent clones, and information pertinent to the clones, are available in the LP13 
database. 
 
 
 
Clone ID 
(D207) 
Insertion 
Length Samples  
Clone ID 
(D207) 
Deletion 
Length Samples 
825130 23 6  897048 32 8 
515409 24 4  518004 23 7 
594500 24 4  677735 38 2 
646860 36 3  572076 30 2 
986480 30 3  894960 29 2 
1059584 34 2  951389 27 2 
482943 33 2  896094 26 2 
674133 33 2  862125 25 2 
670013 32 2  814656 24 2 
544367 31 2  665993 23 2 
1048181 28 2  669417 22 2 
717397 27 2     
717598 27 2     
990843 25 2     
727938 24 2     
1142529 24 2     
1064324 23 2     
 
 
  
 
 
